West Nile virus (WNV) is a single-stranded, positive-sense RNA virus that is maintained in nature via a mosquito-birdmosquito transmission cycle. A member of the family Flaviviridae, genus Flavivirus, WNV is closely related to other human pathogens, such as yellow fever virus, dengue (DEN) virus, tick-borne encephalitis virus, Japanese encephalitis virus (JEV), and Murray Valley encephalitis virus. Flaviviruses can replicate in a wide variety of cultured cells of vertebrate and arthropod origin. In mammalian and avian cells, the replication kinetics of flaviviruses are significantly slower than those of many other RNA viruses, such as encephalomyocarditis virus, Sendai virus, and Newcastle disease virus, that are typically utilized in studies of the activation of interferon (IFN) pathways in cells (37) . WN progeny virions begin to be released from infected cells between 10 and 12 h after infection, and peak titers of extracellular virus are observed by 24 to 36 h after infection (46) .
In response to virus infection, cells produce cytokines, such as type I IFNs, as a result of activation/up-regulation of various transcription factors including members of the IFN regulatory factor (IRF) family (2, 34, 43, 44) . IRFs constitute a family of transcriptional activators and repressors that regulate the innate host response, and cell growth. Nine members of the mammalian IRF family (IRFs 1 to 9) are known, all of which contain a conserved N-terminal DNA binding domain that interacts with the 5Ј-AANNGAAA-3Ј promoter element that is similar to the IFN-stimulated response element (ISRE). The carboxy-terminal regions of IRFs, with the exception of IRF-1 and IRF-2, contain a domain that mediates interactions with other family members as well as other transcription factors. The IRFs are activated by phosphorylation in their C-terminal regions that results in their translocation from the cytoplasm to the nucleus and transcriptional activation of ISRE-containing genes. The various IRFs differ in their cellular location, structural properties, the stimuli that activate them, and the functions they evoke. During a viral infection, IRF-3 has an early role in inducing the transcription of IFN-␤, which in turn induces the expression of IRF-7. Newly synthesized IRF-7 promotes the transcription of members of the IFN-␣ gene family, thereby creating a positive-feedback loop that augments the host antiviral response. IRF-1, IRF-3, and IRF-7 together with histone transacetylases form the active IFN-␣ enhanceosome (1) .
The binding of IFNs to cell surface IFN receptors results in activation of JAK, which in turn phosphorylates STAT1 and STAT2 (41) . Phosphorylation of Tyr on these STATs leads to the formation of two transcription activator complexes, the IFN-␣-activated factor (AAF) complex, which consists of a homodimer of pSTAT1, and the IFN-stimulated gene factor 3 (ISGF3) complex, which is composed of heterotrimers of STAT1, STAT2, and IRF-9. Once formed, AAF and ISGF3 complexes translocate to the nucleus, where they bind to promoters that contain the IFN-␥-activated sequence (GAS) and ISRE, respectively. Both IRF-5 and IRF-7 have an ISRE in their promoters, while the IRF-1, IRF-2, IRF-8, and IRF-9 genes have a GAS element in their promoters (42) . IFNs induce the formation of a number of additional STAT-containing complexes, including STAT3 and STAT5 homodimers, as well as STAT2-STAT1 and STAT5-CrkL (v-Crk sarcoma virus CT10 oncogene homologue avian-like) heterodimers, that are involved in mediating gene transcription (6) . IFNmediated activation of ISRE and GAS elements results in the transcriptional activation of a large number of target genes involved in a variety of biological activities.
Members of different families of RNA viruses have been shown to directly induce ISGs prior to IFN production by the activation of several transcription factors, including NF-B, AP-1 (ATF-2/c-Jun), and IRF-3 (5, 26, 38) . A recent study showed that infection of cells with the flaviviruses JEV or DEN type 2 (DEN2) virus, induced IFN-␤ gene expression by RIG-I-dependent IRF-3 and phosphatidylinositol 3-kinase-dependent NF-B activation pathways (7) .
Previously reported microarray studies of mosquito-borne flavivirus infections were done on transformed cell cultures at relatively late stages of infection. The cellular response to WNV infection was analyzed at 24, 36 , and 48 h after infection in human embryonic kidney 293 cells (14) and at 24 h in human glioblastoma cells (24) . In 293 cells, the expression of IFN-␤ and several ISGs was detected at 24 and 36 h after WNV infection (14) . The response to DEN2 virus infection in cultures of human umbilical vein endothelial cells was analyzed at 48 h (51) and 120 h (25) after infection. Multiple functional cell pathways, including stress, antiviral defense, immune, cell adhesion, wound, and inflammatory pathways were activated by these times. In the single published in vivo study, a number of host genes were reported to be differentially expressed in the brains, livers, and spleens of mice 5 days after a subcutaneous WNV inoculation (50) . Neuroinvasive WNV strains induced higher levels of expression from these genes than did attenuated virus strains. Up-regulated genes included those associated with IFN, T-cell response, inflammation, and apoptosis pathways.
Viruses have evolved various means of counteracting the antiviral action of IFN, including inhibiting IFN induction and/or production, inhibiting JAK-STAT signaling, and altering ISG expression (15, 37) . Results from several recent studies indicate that flaviviruses regulate JAK-STAT signaling in infected cells. Studies with WNV and Kunjin virus provided evidence that viral protein(s) can block JAK-STAT signaling (17, 23, 29) , and various flavivirus nonstructural proteins were subsequently implicated as possible regulators of JAK-STAT signaling (4, 28, 32) .
In a previous study, we showed that even though infection of primary mouse embryo fibroblasts (MEFs) with WNV strain Eg101 induced IFN-␤ production as early as 12 h after infection and did not interfere with the STAT signaling pathway, virus replicated efficiently (39) . To investigate whether a WNV infection might be able to counteract host innate responses at early times after infection, the kinetics of activation/expression of IRFs and the expression of ISGs in primary MEFs were examined beginning at 2 h after infection. IRF-3 activation/upregulation and IRF-7 expression were detected before 12 h after infection, while the induction of IRF-1 expression was delayed until 24 h. Although induction of a number of ISGs was observed, WNV infection suppressed the up-regulation of a subset of ISGs prior to 24 h after infection.
MATERIALS AND METHODS

Cells and virus.
Primary C3H/He (He) MEFs were prepared from 14-to 18-day-old embryos and frozen after one passage in culture. Only cells from passages 2 or 3 were used for experiments. MEFs were grown in minimal essential medium supplemented with 10% heat-inactivated fetal bovine serum and 10 g/ml gentamicin. Baby hamster kidney-21/WI2 cells (hereafter referred to as BHK cells) (49) were maintained in minimal essential medium supplemented with 5% heat-inactivated fetal calf serum and 10 g/ml gentamicin. All cells were grown at 37°C in a 4.5% CO 2 atmosphere. A stock of WNV lineage I strain Eg101 was prepared by infecting BHK cells at a multiplicity of infection (MOI) of 0.1 and harvesting culture fluid 32 h after infection, a time when the cell monolayer was still intact. To remove IFN produced by BHK cells, viral particles were pelletted by ultracentrifugation, resuspended in medium with 0.5% serum (4 ϫ 10 7 PFU/ml), aliquoted, and stored at Ϫ80°C. Sample preparation and microarray hybridization. Replicate confluent primary MEF monolayers in T25 flasks were either mock infected or infected with WNV Eg101 strain at an MOI of 10 for 2, 6, or 12 h (samples M, W2, W6, and W12). Other sets of cultures were treated with 1,000 U/ml of universal type I IFN (PBL Biomedical Laboratories, Piscataway, NJ) for 1 h and then either incubated with fresh medium for 2 h before cell RNA isolation (I samples) or infected with WNV at an MOI of 10 for 1 h and then incubated with medium for 1 h (I/W2 samples). Cells in a replicate flask were counted prior to infection in each experiment to precisely calculate the amount of virus needed to achieve the desired MOI. WNV was adsorbed for 1 h at room temperature, and the monolayers were washed with 5 ml of medium three times to remove unbound virus before fresh medium was added. Samples of culture fluid from infected replicate flasks were removed at various times and stored at Ϫ80°C until titration by plaque assay as described previously (39) .
Total cellular RNA was extracted by lysing cells with TriReagent (Molecular Research Center, Cincinnati, OH). RNA purification, quality control, labeling, GeneChip hybridization, data acquisition, and preliminary data analysis were performed by Expression Analysis (Durham, NC) according to standard protocols available from Affymetrix (Santa Clara, CA). Briefly, RNA quality was assessed with an Agilent 2100 Bioanalyzer (Palo Alto, CA). Biotin-labeled cRNAs were quantified with a spectrophotometer, their integrity was assessed on test chips (Test3 array; Affymetrix), and they were then loaded onto mouse genomic 430A chips (Affymetrix). After hybridization, the chips were washed, stained using a GeneChip Fluidics Station 400 (Affymetrix), and then scanned with a GeneChip Scanner 3000 (Affymetrix). The 430A chip contains 22,690 transcripts (RefSeq database sequences and sequences related to the U74Av2 array). Data were collected for each sample from two independent experiments (biological replicates).
Microarray data analysis. GeneChip Operating System software (version 1.1.1; Affymetrix) was used to analyze the data. For comparisons across different arrays, the data from each array were first normalized by a global scaling strategy, using a scaling target intensity of 500. By using the Affymetrix-defined comparison mathematical algorithms, the relative change in expression between each of the infected samples in comparison to a mock-infected control of the same cell type was calculated, log 2 transformed, and further classified as not changed, increased (signal log ratio change P value of Ͻ0.005), decreased (signal log ratio change P value of Ͼ0.995), or marginally increased or decreased. To classify a gene as significantly up-regulated or down-regulated after infection or IFN treatment, two additional criteria were used: (i) the relative change had to be greater than or equal to 2 (signal log ratio of 1 if up-regulated or Ϫ1 if downregulated) to be classified as increased or decreased, and (ii) genes that were classified as up-regulated had to be flagged as present in the infected/treated samples, while genes that were classified as down-regulated had to be flagged as present in the mock-infected control sample.
Microarray data sets (CEL files) were further analyzed at the Emory Biomolecular and Computing Resource Center using the R-Bioconducting package (http://www.bioconductor.org) for Affymetrix array analysis. Briefly, data sets were loaded into the R-Bioconductor package and RMA (robust multichip analysis) values were generated using the following parameters: RMA background correction method, quantile normalization method, perfect match only values, and the median polish summary method for signal calculation (20) . RMA values were imported into GeneSpring, version 6.2 (Silicon Genetics, Redwood City, CA), and expression values for each gene were normalized across chips to the median value of each gene. In each experiment, relative change values (experimental versus control) were determined, and a cutoff value of 2.0 was arbitrarily applied to ascertain genes that were differentially expressed across experiments and between the conditions within each experiment.
Real-time qRT-PCR. The reaction mixture contained 500 ng of cellular RNA, the primer pair (1 M), and the probe (0.2 M) in a total volume of 50 l. Real-time quantitative reverse transcription-PCR (qRT-PCR) analysis of mouse genes was performed with Assays-on-Demand 20ϫ primer and fluorogenic TaqMan FAM/ TAMRA (6-carboxyfluorescein/6-carboxytetramethylrhodamine)-labeled hybridiza-tion probe mixes from Applied Biosystems (Foster City, CA), The catalog identification numbers of assays used for the genes indicated in parentheses were
, and Mm00556509_ m1 (Zc3hdc1). The RNAs were quantified using an Applied Biosystems 7500 sequence detection system. The mRNA of the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), was used as an endogenous control and was detected using TaqMan mouse GAPDH Control Reagents primers and probe (Applied Biosystems). One-step RT-PCR was performed for each target gene and for the endogenous control in a singleplex format using 200 ng of RNA and the TaqMan one-step RT-PCR master mix reagent kit (Applied Biosystems). The cycling parameters were as follows: reverse transcription at 48°C for 30 min, AmpliTaq activation at 95°C for 10 min, denaturation at 95°C for 15 s, and annealing/extension at 60°C for 1 min (cycle repeated 40 times). Triplicate cycle threshold C T values were analyzed with Microsoft Excel using the comparative C T (⌬⌬C T ) method of the SDS software (Applied Biosystems). Statistical analysis of the data was done using the TINV test in Microsoft Excel. The values were first normalized to the endogenous reference gene (GAPDH) and then presented as relative change in comparison to the uninfected calibrator sample in relative quantification (RQ) units. Error bars indicate the calculated maximum (RQ Max ) and minimum (RQ Min ) expression levels and represent the standard error (SE) of the mean of the expression levels. The error bars are based on an RQ Min/Max of the 95% confidence level. If the error bars for any two samples do not overlap, the expression levels of these samples are significantly different (P value of Ͻ0.05).
Confocal microscopy. He MEFs grown to 50% confluence on 15-mm glass coverslips in wells of a 24-well plate were infected with WNV at an MOI of 5. The cells were fixed by incubation with 4% paraformaldehyde in phosphatebuffered saline (PBS) for 10 min and then permeabilized by ice-cold methanol for 10 min. Coverslips were washed with PBS and then blocked overnight with 5% horse serum (Invitrogen, Carlsbad, CA) in PBS. Coverslips were incubated with rabbit anti-IRF-3 (Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:50 in PBS containing 5% horse serum for 1 h at 37°C and then washed three times with PBS. Coverslips were next incubated with chicken anti-rabbit immunoglobulin G-fluorescein isothiocyanate (Santa Cruz Biotechnology) diluted 1:300 in PBS containing 5% horse serum. After a washing step with PBS, the coverslips were mounted on glass slides with Prolong mounting medium (Invitrogen) and visualized with a 100ϫ oil immersion objective on an LSM 510 laser confocal microscope using LSM 5 (version 3.2) software (Carl Zeiss Inc., Thornwood, NY). The images compared were obtained using the same instrument settings.
Western blotting. Replicate cell monolayers were washed with ice-cold PBS and then scraped into radioimmunoprecipitation assay buffer (1ϫ PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate [SDS]), containing Complete, mini, EDTA-free protease inhibitor cocktail (Roche, Indianapolis, IN) and phosphatase Cocktail Inhibitor II (Sigma-Aldrich, St. Louis, MO). Following separation by 7.5% SDS-polyacrylamide gel electrophoresis (PAGE), the proteins were electrophoretically transferred to a nitrocellulose membrane. The membrane was blocked with 1ϫ Tris-buffered saline containing 5% dry milk (or bovine serum albumin when phosphorylated proteins were to be detected) and 0.1% Tween-20 for 1 h at 22°C and then incubated with a polyclonal primary antibody specific for IRF-1, IRF-3, IRF-7, actin (Santa Cruz Biotechnology), caspase 11 (Abcam, Cambridge, MA), phospho-IRF-3 (Ser390), phospho-STAT5 (Tyr694), phospho-CrkL (Tyr207), or eIF4E (Cell Signaling, Beverly, MA) overnight at 4°C in the presence of blocking buffer. The blots were then incubated with the secondary antibody (anti-rabbit horseradish peroxidase; Santa Cruz Biotechnology) for 1 h at 22°C and processed for enhanced chemiluminescence using a Super-Signal West Pico detection kit (Pierce, Rockford, IL) according to the manufacturer's instructions.
RESULTS
Comparison of gene expression in WNV-infected MEFs and IFN-treated MEFs.
Our previous study showed that incubation of primary He MEFs with 1,000 IU/ml of universal type I IFN for 4 h prior to infection with WNV Eg101 at an MOI of 1 decreased the virus yield by about 10-fold (39) . When cells were infected 3 h after pretreatment with 1,000 IU/ml of universal type I IFN for 1 h, a similar decrease in the viral yield was observed (Fig. 1B) . However, when cells were pretreated for only 1 h prior to infection with the same concentration of IFN, no effect on virus yield was observed (Fig. 1B) , suggesting that the viral infection could overcome the establishment of an antiviral state induced by exogenous IFN under these conditions. To obtain a comprehensive view of the changes in cell gene expression occurring at early times after WNV infection, microarray assays were utilized. Previous microarray analyses reported for flavivirus-infected cells were done at later times after infection and in transformed cell cultures. Many transformed cell lines have mutations in IFN pathway genes (8) . Third-passage primary He MEFs were mock infected or infected with WNV (MOI of 10) in two independent experiments. These biological replicates were designated He1 and He2. In both experiments, a duplicate flask was used to generate a viral growth curve (Fig. 1A) . Also, duplicate flasks of primary MEFs were incubated with universal type I IFN (1,000 IU/ml) or medium for 1 h and then incubated with fresh medium for two more hours. Total cell RNA was harvested from infected cells at 2, 6, and 12 h after infection and from IFN-treated cells 3 h after initiation of IFN treatment and hybridized to mouse expression 430A chips. Data were collected and analyzed as described in Materials and Methods. In IFN-treated MEFs, 98 probe sets (representing 84 genes) showed up-regulation by more than twofold. The majority of the up-regulated genes were known ISGs (9). Data obtained from multiple probe sets for a single gene were consistent. For example, three probe sets for Stat1 showed induction levels of 3.0-, 2.6-, and 2.3-fold. These data provided an internal control for the hybridization conditions as well as for chip integrity. Several of the genes up-regulated in He MEFs after IFN treatment were not previously reported to be activated by IFN. These included chloride channel calcium-activated genes 1 and 2 (Clca1 and 2) and the plectin 1 (Plec1), nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, zeta (Nfkbiz), and caspase 11 (Casp11, mouse homolog of human CASP4) genes. The basic script of GeneSpring software was used to compare the expression data from WNV-infected and IFN-treated cells. A gene tree, an experimental tree, a k-means classification, and a self-organizing map were generated using genes that were twofold overexpressed or twofold underexpressed under at least one condition in the RMA. The data from biological replicates (He1 and He2) were averaged by the software for each of the 256 genes presented in the tree. Hierarchical clustering was performed for those genes with changes in their expression levels of about or more than twofold in IFN-treated (I) or WNV-infected (W) cells compared to the control cells. Three clusters of ISGs were revealed (Fig.  2 ). The first cluster included probe sets that showed a high level of induction in both WNV-infected and IFN-treated cells. These genes are listed in Table 1 in the same order as in Fig.  2 . IFN-induced genes, such as the Oas family genes and the Irf7, Irf9, Prkr, ISG20, Stat1, and Stat2 genes, were present in this cluster, further confirming that the IFN pathway was effi- ciently activated by 12 h after infection with WNV. The expression of three genes, the G1p2 (human homolog, ISG15), Ifit1 (ISG56 or p56), and Ifit3 (ISG49) genes, which are known targets for IRF-3 (16), was induced to high levels by 12 h after WNV infection ( Fig. 2 and Table 1 ). Human ISG54 (mouse homolog, Ifit2), ISG56, and ISG15 genes were previously shown to be Jak1 (hence IFN) independent but IRF-3 dependent (10). Although Ifit1 was induced to high levels by WNV infection, Ifit2 (ISG54) was not induced by 12 h, suggesting that the expression of various members of the p56 family of ISGs is differentially regulated at early stages of WNV infection in MEFs. A recent study reported that vesicular stomatitis virus infection up-regulated the expression of the ISG56 gene but not the ISG54 gene in the livers of infected mice (45) . This study also showed that the regulation of these two genes varied in different mouse organs and with different stimuli.
The time course of expression of three genes from cluster 1, zinc finger CCCH-type domain-containing 1 (Zc3hdc1), tripartite motif protein 21 (Trim21), and 2Ј-5Ј oligoadenylate synthetase 1G (Oas1g), was analyzed by real-time qRT-PCR. Zc3hdc1 and Oas1g mRNA levels were increased by 12 h after infection and by 3 h after initiation of IFN treatment. The expression of these genes continued to increase through 48 h after infection (Fig. 3A and B) . At 12 h after infection, Trim21 expression was significantly lower than that observed 3 h after IFN treatment, but the level of expression in infected cells increased to that in IFN-treated cells by 24 h (Fig. 3C) . The real-time qRT-PCR data for each of the genes tested corroborated the microarray data, and consistent results were obtained for RNA samples from independent biological replicates. However, the absolute values obtained from the microarray and RT-PCR assays were not identical due to differences intrinsic to these two techniques.
The second cluster (Table 2) included genes for which expression levels increased by only about twofold in 12-h WNVinfected cells (Fig. 2B ) but for which strong up-regulation by IFN treatment was observed. The level of expression of the Rsad2 gene (also called Vig1, Cig5, and viperin) was confirmed by qRT-PCR. At 12 h after WNV infection, Rsad2 expression was more than 10-fold lower than that in IFN-treated cells, but by 24 and 48 h after infection, the expression of this gene was induced to much higher levels (Fig. 3D) . Real time qRT-PCR analysis of the mRNAs levels of two other genes from the second cluster, Oas-like 1 and the thymidylate kinase family lipopolysaccharide-inducible member (Tyki), confirmed a reduced level of expression of these genes at 12 h after WNV infection compared to cells treated with IFN ( Fig. 3E and F) . Three of the five p65 guanylate binding protein (Gbp) gene family members (Gbp1 to Gbp3) were also in the second cluster. These genes are classical secondary response genes that require de novo synthesis of transcription factors activated by a JAK2-dependent pathway for their up-regulation (30) . The detected upregulation of these genes indicated that activation of JAK2 had occurred in WNV-infected MEFs by 12 h. Genes associated with apoptosis such as proapoptotic transcription factor Irf1, programmed cell death 1 ligand 1 (Pdcd1lg1), Fas death domain-associated protein (Daxx), and poly(ADP-ribose) polymerase family member 14 (Parp14) as well as major histocompatibility complex class I antigen presentation pathway genes, such as beta-2 microglobulin (B2m) and proteasome (prosome and macropain) subunit beta 9 (Psmb9) were also in the second cluster ( Table 2 ). The lower expression levels of the B2m and Daxx genes at 12 h after WNV infection were confirmed by real-time qRT-PCR ( Fig. 3G and H) . However, the maximum induction of both of these genes after either IFN treatment or WNV infection was relatively low (about 10-fold) even at later times after infection. These data showed that efficient activation of the genes in cluster 2 was delayed compared to that of genes in cluster 1 in WNV-infected cells. Genes in the third cluster were efficiently induced by IFN treatment but were activated to less than twofold in WNVinfected cells by 12 h (Table 3 and Fig. 2C ). Included in this cluster were genes encoding stress-related serine proteinase inhibitors (Serpina3g and Serping1); genes from calcium-regulated pathways, such as the Clca1 and Clca2 genes; and genes involved in apoptosis pathways, such as the Casp11 (mouse homolog of human CASP4) and Casp12 genes. Genes involved in transcriptional regulation, such as the Nfkbiz and CCAAT/ enhancer binding protein (C/EBP) delta (Cebpd) genes; several genes encoding cytokines, such as the chemokine (C-X-C motif) ligand 9 (Cxcl9), chemokine (C-C motif) ligand 2 (Ccl2), chemokine (C-C motif) ligand 7 (Ccl7), and interleukin 6 (Il-6) genes; and genes regulating the cytokine response, such as the suppressor of cytokine signaling 1 and 3 (Socs1 and Socs3) genes, were in this cluster. Socs1 and Socs3 gene expression was induced by IFN treatment but not at 12 h after WNV infection (Fig. 2C and Table 3 ). Socs1 is an important in vivo inhibitor of type I IFN signaling and contributes to bal- ancing the beneficial antiviral versus detrimental proinflammatory effects of the innate immune responses (11) . Real-time RT-PCR data showed that treatment of cells with IFN for 3 h resulted in more than a 10-fold increase in Socs1 mRNA expression compared to control cells, while the amount of Socs1 mRNA detected in 12-h WNV-infected cells was threefold lower than in IFN-treated cells (Fig. 3I) . At 24 h after infection, the level of Socs1 expression was significantly higher than that detected in IFN-treated cells, but the expression of Socs1 mRNA was suppressed by 48 h after infection to the level observed in control uninfected cells. The timing of this suppression suggested that it might be modulated by the accumulation of viral protein(s) between 24 and 48 h in infected cells. The kinetics of induction of another gene from cluster 3, the Casp11 gene, was also analyzed by real-time qRT-PCR (Fig.  4A) . At 12 h after infection, the expression of Casp11 mRNA was suppressed below the level observed in mock-infected cells, while IFN treatment induced the expression of this gene by more than fivefold. By 24 after infection, Casp11 mRNA levels had increased by 10-fold, and by 48 h the levels were higher than those in the IFN-treated cells (Fig. 4A) . A strong Casp11 protein band was detected in the IFN-treated sample by Western blotting (Fig. 4B) . However, no protein was detected at 16, 24, or 48 h after WNV infection (Fig. 4B) , indicating that viral infection suppressed the expression of protein levels even after the mRNA levels were up-regulated.
Analysis of gene expression in IFN-pretreated WNV-infected cells. To investigate whether pretreatment with IFN could abrogate the observed suppression of the expression of a subset of cell genes by WNV infection, gene expression was analyzed in cells pretreated with IFN for 1 h and then infected with WNV, a condition shown not to affect viral yield (Fig. 1B) . MEFs were incubated with universal type I IFN or medium for 1 h and then either incubated with fresh medium for two more hours (I) or infected with WNV (MOI 10) for 1 h and then incubated with medium for an additional hour (I/WZ) before cell RNA was harvested. The list of genes obtained with the I/W2 samples showing differential expression compared to untreated cells was very similar to the list of genes obtained with samples from cells treated only with IFN (I samples) (data not shown), suggesting that viral infection did not interfere with the up-regulation of the majority of the IFN-regulated genes. Most of these transcripts showed either the same or a slightly higher level of induction in I/W2 samples compared to I samples. However, a few genes, including the Irf1, B2m, and Socs3 genes, showed a lower relative change in I/W2 samples than in Table 2 genes), and the Cebpd, Socs1 and Socs3 genes ( Table 3 genes). Each of these genes was about 1.5-to 2-fold down-regulated in I/W2 samples compared to I samples. A strong Casp11 band was detected in the I sample by Western blotting, but only a faint band was detected in the I/W2 sample (Fig. 4B , compare lanes I and I/W2), indicating that WNV infection could still efficiently suppress Casp11 protein levels after a 1-h IFN pretreatment of cells prior to infection. To rule out the possibility that the activation of genes in the I and I/W2 cells was due to nonphysiologic effects caused by the large amount of nonhomologous universal type I IFN used, cells were treated with 10, 100, or 1,000 IU/ml of mouse IFN-␤, which is the first IFN produced in response to a viral infection. Samples were harvested after 3 h of IFN treatment, and the levels of Irf1, Casp11, and Daxx mRNA were analyzed by real-time qRT-PCR (Fig. 4C ). For each of these genes, similar levels of induction were observed with each of the different concentrations of mouse IFN-␤ used, with the exception of 10 IU/ml of IFN-␤, for which a lower level of Irf1 mRNA induction was observed. The mRNA levels induced for each of these genes were higher than those seen after incubation of cells with 1,000 IU/ml of universal type I IFN (Fig. 4C) .
Analysis of IRF expression patterns in WNV-infected cells. The microarray analysis showed that Irf1 mRNA was not upregulated at 12 h after WNV Eg101 infection in primary MEFs even though IRF-1 was previously reported to be rapidly upregulated by other virus infections and IFN (43) . In virus-infected cells, IRF-3 typically is rapidly activated and induces the transcription of IFN-␤ and ISGs. Both IRF-3 and IRF-7 are direct transducers of virus-mediated signaling that results in the induction of a number of other ISGs (19, 22) . The activation and expression kinetics of IRF-3 and the expression kinetics of IRF-1 and IRF-7 were next analyzed in WNV-infected MEFs.
IRF-3 activation was first analyzed in WNV-infected (MOI of 10) He MEFs by detection of dimer formation. Dimerized IRF-3 has a significantly retarded mobility on nondenaturing gels compared to the monomeric form (21) . Low levels of both IRF-3 monomer and dimer bands were consistently detected in uninfected and mock-infected cells. This was expected since previous studies reported constitutive expression of IFN-␣/␤, albeit at very low levels, in the absence of virus or other IFN inducers in normal primary fibroblasts, splenocytes, and bone marrow cells obtained from mouse embryos (42) . Consistent with this, some phosphorylated STAT1 protein was also previously detected in mock-infected primary MEFs (39) . The amounts of IRF-3 monomer and dimer increased between 6 and 8 h after WNV infection and remained elevated through 24 h (Fig. 5A ). In contrast, in mock-infected cells, the levels of IRF-3 monomers and dimers were similar at each of the times analyzed. The increase in the level of IRF-3 dimers observed by 8 h after infection was consistent with our previous data, showing up-regulation of IFN-␤ mRNA between 8 and 12 h and increased phosphorylation of STAT1 by 16 h after WNV infection (39) . IRF-3 is activated by phosphorylation at multiple sites, including Ser396, within the carboxy-terminal portion of the protein (31, 40) . The phosphorylation of IRF-3 Ser396 (phosphoSer396 IRF-3) in primary He MEFs was examined by immunoblotting using an antibody that recognizes IRF-3 phosphorylated at this position. Lysates were prepared from cells infected with WNV for 6, 8, 16, and 24 h and from mocktreated cells. As shown in Fig. 5A , the phosphoSer396 IRF-3 isoform was first detected at 16 h after infection. Activated IRF-3 is known to translocate to the nucleus (26) . The kinetics of IRF-3 nuclear translocation in WNV-infected He MEFs were evaluated by confocal microscopy. As expected, IRF-3 was detected only in the cytoplasm of mock-infected cells ( The expression patterns of Irf1 and Irf7 in WNV-infected MEFs were analyzed by real-time qRT-PCR using total RNA from mock-or WNV-infected He MEFs extracted at 12, 24, or 48 h after infection. Irf7 mRNA levels increased by more than 100-fold in samples from 12-h infected and universal type I IFN-treated (1,000 IU/ml) cells (Fig. 6A) . Pretreatment of cells with 10 or 100 U/ml of mouse IFN-␤ induced Ifr7 mRNA to similar levels (data not shown). In contrast, Irf1 mRNA was induced by less than twofold by 12 h after WNV infection (Fig.  6B) but by more than 10-fold after IFN treatment. By 24 h after infection, Irf1 mRNA expression levels had increased by 10-fold and remained at this level through 48 h. A low level of IRF-7 was detected in mock-infected cells by Western analysis. By 16 h after infection, the level of IRF-7 had increased significantly and was similar to the level detected in the IFNtreated sample (Fig. 6C) . IRF-7 protein expression remained elevated through 48 h after infection. In contrast, IRF-1 was not detected in mock-infected cells, and a very weak IRF-1 band was detected at 16 h. Thereafter, although IRF-1 protein levels increased, they did not reach the levels seen in IFNtreated cells at either 24 or 48 h (Fig. 6C , exposure time of 15 min), even though the levels of IRF-1 mRNA at both these times were similar to those in IFN-treated cells (Fig. 6B) . When IRF-1 levels were analyzed at earlier times after infection, a very faint band was detected at 1 h after infection, but no bands were detected at 2, 4, 6, or 8 h after infection even after an exposure time of 1 h (data not shown).
STAT5 plays an important role in IFN signaling and participates in the induction of type I IFN-dependent responses (47) . Because the STAT5-CrkL heterodimer regulates GAS-mediating gene transcription (12) and IRF-1 is known to have a GAS element in its promoter (36, 48) , the time courses of STAT5 and CrkL phosphorylation were next examined in WNV-infected cells. STAT5 is associated with Tyk2, whereas CrkL associates with the guanine-nucleotide exchange factor C3G. Following type I IFN stimulation, CrkL is recruited to Tyk2, which phosphorylates both STAT5 and CrkL, causing them to form heterodimers that are translocated to the nucleus, where they activate GAS-mediated gene induction (12) . The level of phosphorylated STAT5 was reduced shortly after adsorption of virus to cells (0.5-and 1-h time points) compared to mock-infected cells, but by 2 h (1 h after addition of fresh medium), the levels had increased and were similar to those seen in mock-infected cells. By 6 h after infection, the levels had increased slightly but by 24 h had increased significantly (Fig. 6D) . A similar amount of total STAT5 was observed in mock-and WNV-infected cells at 0.5, 1, 2, 4, and 6 h after infection and increased notably by 24 h after infection (Fig.  6D) . CrkL phosphorylation levels were high in all samples tested (Fig. 6D) . The data suggest that formation of the STAT5-CrkL heterodimer is not blocked by WNV Eg101 infection.
The data indicate that WNV infection delayed induction of Irf1 mRNA prior to 24 h after infection (Fig. 6B ) and significantly reduced the level of IRF-1 protein through 48 h (Fig.  6C) . To test whether virus infection could suppress IRF-1 expression in IFN-pretreated cells, the time course of IRF-1 expression was examined in cells pretreated with universal type I IFN (1,000 IU/ml) for 1 h (Fig. 7A, upper these experiments due to an increase in the exposure time from 10 to 30 min (Fig. 7A, lane M) . Increased IRF-1 expression was observed in cells treated with IFN for 1 h and then incubated with medium for 2 h (Fig. 7A, lower panel) . A much higher amount of IRF-1 was detected in extracts from cells pretreated with IFN for 4 h and then with medium for 2 h (Fig. 7B, lower  panel) . By 4 h, after either 1 or 4 h of IFN pretreatment, the levels of IRF-1 had decreased significantly ( Fig. 7A and B , lower panels). The short half-life of the IRF-1 protein (30 min) (43) ensures that IFN gene induction is transient. In 1-h IFNpretreated cells, the levels of IRF-1 were slightly increased at 8 h of incubation and further increased at 12 and 16 h, probably in response to newly produced IFN-␤ (Fig. 7A, lower  panel) . In the 4-h IFN-pretreated cells, IRF-1 levels were similar from 4 through 8 h of incubation and then increased at 12 and 16 h (Fig. 7B, lower panel) . At 2 h after the removal of IFN, IRF-1 levels in extracts from uninfected cells and cells infected with WNV were similar ( Fig. 7A and B, upper panels; compare W2 and M2). At 4, 6, and 8 h, the levels of IRF-1 were lower in the infected cells than those in uninfected cells (Fig. 7A and B, upper panels) . Although the levels of IRF-1 increased in infected cells at 12 and 16 h, the levels remained much lower than those seen at 2 h. This secondary up-regulation of IRF-1 in response to infection was stronger in cells pretreated with IFN for 4 h than in cells pretreated with IFN for 1 h (Fig. 7A and B, compare lanes W12 and W16) . These results indicate that the expression of IRF-1 was also suppressed in WNV-infected cells pretreated with IFN but to a lesser extent and for a shorter time than in cells that were not IFN pretreated. AAF (STAT1 homodimer) is the major transcription complex that activates Irf1 transcription, and STAT1 phosphorylation is a prerequisite for homodimer formation. To determine whether IRF-1 suppression was due to inhibition of STAT1 phosphorylation, the levels of STAT1 phosphorylation were analyzed by Western blotting using the same set of samples. The levels of STAT1 phosphorylation were increased at 2 h of incubation for all of the extracts compared to the levels in the control cells (Fig. 7C and D) . In contrast to what was observed with the IRF-1 protein, the amount of STAT1 phosphorylation observed in the infected samples was similar to or increased compared to that in uninfected cells pretreated for either 1 or 4 h with IFN ( Fig. 7C and D) . Also, no differences in the levels of STAT5 and CrkL phosphorylation were observed between the 1-or 4-h IFN-pretreated, uninfected or infected samples (data not shown). These results indicate that WNV infection suppresses IRF-1 protein expression without inhibiting STAT1 activation.
DISCUSSION
The kinetics of activation of IRF-3, induction of IRF-1, and expression of IRF-7 and induction of the IFN-induced antiviral response in MEFs infected with the lineage I WNV strain Eg101 were investigated in the present study. WNV Eg101 and NY99 are closely related lineage I strains (differing by 21 amino acid residues). Although Eg101 is less neuroinvasive than NY99 because it lacks an E protein glycosylation site, both viruses show similar levels of neurovirulence (3). All strains of WNV replicate efficiently in a wide variety of cultured cells of vertebrate and arthropod origin. How WNV overcomes innate antiviral defenses in so many different host cells is currently being investigated. Results from several recent studies indicate that flaviviruses, including some WNV strains, can evoke processes that negatively regulate JAK-STAT signaling and IFN-induced responses in various infected cell lines (4, 17, 23, 29, 32) . These events occur with the accumulation of viral proteins, which begins between 12 and 24 h after infection. The various levels of resistance to the antiviral actions of IFN observed for different strains of WNV and other flaviviruses have been mainly attributed to the efficiency with which particular viral nonstructural proteins, such as NS4B of DEN virus (32), NS5 of tick-borne encephalitis virus (4), or NS2A of WNV (Kunjin) (28) , control the host cell JAK-STAT signaling pathway (23) .
Early events that occur prior to significant amplification of WNV Eg101 viral RNA or proteins were analyzed in the present study. The data obtained suggest that WNV Eg101 employs other countermeasures than the previously reported inhibition of JAK-STAT signaling by viral nonstructural proteins to attenuate the host antiviral response. Phosphorylation of both STAT1 isoforms was observed by 16 h and increased to peak levels by 40 h after WNV Eg101 infection in MEFs (39), indicating activation rather than blockage of the IFN-induced JAK-STAT pathway. Even though an antiviral state was induced, WNV Eg101 established and maintained efficient levels of replication.
Functional classification of all of the genes detected as upregulated by 12 h after WNV infection by microarray analysis showed that many were known ISGs. (39) . In the present study, the kinetics of activation of IRF-3, the transcription factor essential for the induction of type I IFN and other ISGs, were directly examined by analysis of IRF-3 dimer formation, IRF-3 phosphorylation at Ser396, and IRF-3 nuclear translocation. IRF-3 dimer levels increased between 6 and 8 h after WNV infection and remained elevated through 24 h (Fig.  5A ). IRF-3 translocation to the nucleus was detected by 8 h after infection, and by 16 h the majority of IRF-3 was located in the nucleus. Consistent with this time course of IRF-3 activation, up-regulation of known IRF-3-targeted genes, such as mouse homologs of human ISG56 (Ifit1), ISG49 (Ifit3), and ISG15 (G1p2) (16) , was detected by 8 h after infection with WNV (data not shown). IRF-3 has been reported to be activated by phosphorylation of Ser/Thr residues located between residues 382 to 408 (GGASSLENTVDLHISNSHPLSLTS DQY) (40) . Phosphorylation of both IRF-3 Ser396 and Ser398 was observed following Sendai virus infection or doublestranded RNA treatment, but neither of these serines was phosphorylated after lipopolysaccharide treatment even though IRF-3 was activated and translocated to the nucleus (40) . Another study reported that only Ser386 was phosphorylated after infection with Newcastle disease virus or treatment with either double-stranded RNA or lipopolysaccharide and that phosphorylated Ser386 was detected only in dimers, suggesting that this phosphorylation site is the critical determinant of IRF-3 activation (31). In the present study, phosphorylation of Ser396 was not detected until 16 h after WNV infection. However, IRF-3 dimerization and nuclear localization were observed starting at 8 h after infection. These results suggest that phosphorylation of other IRF-3 Ser/Thr residues, such as Ser386, may be responsible for the initial activation of IRF-3 in WNV Eg101-infected MEFs. A previous study with WNV NY99 also reported the inability to detect phosphorylation of IRF-3 at Ser396 prior to 36 or 20 h after infection in two human cell lines, 293 (embryonic kidney) and A549 (lung carcinoma), respectively (13, 14) . The second cluster of genes revealed by comparison of ISG expression levels in mock-infected cells, cells treated with IFN, and cells infected with WNV for 12 h included ones that were induced to only about twofold in infected cells but were strongly up-regulated by IFN treatment. Genes in the third cluster were induced by IFN treatment but not up-regulated prior to 24 h in WNV-infected cells. Genes in these clusters included ones encoding stress-related serine proteinase inhibitors and genes in calcium-regulated and apoptosis pathways. A number of genes involved in transcriptional regulation such as the Irf1, Nfkbiz (NF-B inhibitor zeta [IB]), and Cebpd genes were also in these clusters. Suppression of these three transcription factors by WNV Eg101 infection would be expected to inhibit the expression of the genes they regulate. Studies with IB knockout mice showed that IB is essential for the expression of a number of genes, including lipopolysaccharide-inducible genes such as the Il-6, Casp11, Ccl7, and Cebpd genes (52) . Several genes encoding cytokines (Cxcl9, Ccl2, Ccl7, and Il-6 genes) were not induced in WNV Eg101-infected MEFs. The decreased expression of several ISGs associated with apoptosis, such as proapoptotic transcription factor Irf1, Pdcd1lg, Daxx, and Parp14, in WNV-infected MEFs would be expected to sustain cell viability and enhance virus production. Only two caspases, the Casp11 and Casp12 genes, were induced by type I IFN treatment in MEFs (Fig. 2C) , and the expression of both of these genes was suppressed by WNV Eg101 infection. The human homolog of mouse Casp11, CASP4, has been shown to mediate endoplasmic reticulum stress-induced apoptosis (18) , and suppression of its expression would be expected to prolong the survival of WNV-infected cells.
It was previously reported that DEN2 virus infection induced both IRF-1 and IRF-7 expression in human A549 cells, while JEV infection did not induce these IRFs even though IFN-␤ was induced in both JEV and DEN2 virus infections before 24 h (7). JEV, but not DEN2 virus infection, efficiently blocked the IFN-induced JAK-STAT signaling cascade by preventing Tyk2 and STAT phosphorylation (27) . Chang et al. (7) proposed that in DEN2 virus-infected cells, AAF (STAT1 homodimer) and ISGF3 (STAT1/STAT2/IRF-9 complex) complexes formed and induced Irf1 and Irf7 transcription, respectively, while in JEV-infected cells, blockade of Tyk2 and STAT activation prevented formation of these transcription complexes (7) . WNV Eg101 infection of MEFs also did not block STAT activation (39) . In DEN2 virus-infected cells, IRF-1 protein expression was observed by 12 h after infection, while IRF-7 expression was not detected until 36 h (7). In WNV Eg101-infected cells, IRF-7 was detected by 16 h after infection, indicating rapid formation of ISGF3 complexes. However, IRF-1 expression was not detected until 24 h. Because STAT1 and STAT5 were phosphorylated in WNV-infected cells and because these are components of the AAV and STAT5-CrkL complexes, respectively, that are required for transcriptional activation of genes with GAS elements in their promoters (such as Irf1), the observed delay in IRF-1 expression was likely not due to an inability of AAV and STAT5-CrkL complexes to form. Crucial steps downstream of STAT activation could be the targets of the WNV Eg101-induced blockage. It was previously reported that histone deacetylase 1 activity is required for full transcriptional activation of the Irf1 gene (53) .
For the Casp11 and Irf1 genes, an additional level of regulation was observed in WNV-infected cells. For both of these genes, protein levels detected in cells infected for 16, 24 , or 48 h with WNV were low or undetectable even though the mRNA levels detected for these genes at these times were as high or higher than those in IFN-treated cells, which expressed high levels of these proteins. Decreased IRF-1 protein levels were also evident in cells treated with IFN for 1 or 4 h and then infected with WNV ( Fig. 7A and Fig. 7B ). Four-hour IFN-pretreated, WNV-infected MEFs produced virus yields that were 10-fold lower than control cells, and up-regulation of IRF-1 by viral infection was detected by 12 h after infection. In contrast, in 1-h IFN-pretreated and untreated infected cells, up-regulation of IRF-1 expression was not detected until 16 to 24 h after infection and was lower at these times than in cells treated only with IFN ( Fig.  6C and 7A ). Virus titers produced by the 1-h IFN-pretreated cells were similar to those produced by control infected cells, supporting an inverse correlation between the levels of IRF-1 expression and virus yields. Whether suppression of the expression of a subset of ISGs is mediated directly or indirectly by WNV Eg101 infection is currently under inves-tigation. Known mechanisms of differential regulation of cellular protein levels include phosphorylation/dephosphorylation of translation factors by protein kinases, regulation of mRNA stability, and accelerated protein degradation (35) .
